Atherosclerosis (stenosis) is a common cardiovascular disease in which the blood vessel restructures by narrowing, thickening and gets hardened due to the deposition of plaque. A detailed study of narrowing of arteries applying computational aspects which leads to better findings in order to know the underlying mechanics of development and progression of such diseases. Such kind of analysis can be a useful tool for the medical professionals to study the realistic physiological conditions. They can simulate and observe the blood flow in arteries. In the present study, a case of normal and stenosed carotid bifurcation is simulated. The models are generated in CATIA based on the clinical data obtained from a patient using Ultrasound Doppler. A transient FSI analysis considering Newtonian behavior is performed to compare the significance of High Blood Pressure (HBP) and Normal Blood Pressure (NBP) on carotid bifurcation. The FSI simulation is carried out for both HBP and NBP conditions for several pulse cycles on normal and stenosed models using ANSYS13.0 to demonstrate the changes in flow behavior at various sections of the model. The computed results agree well with clinical observations and available literature as seen in case of NBP.
Introduction
The remarkable developments in modelling and simulation are used extensively to explore the complex interactions of the fluid dynamics of blood (haemodynamics) within the cardiovascular system. Detailed study of relationship between haemodynamics and the development of cardiovascular disease such as atherosclerosis and aneurysms can help the clinicians or physiologists to understand the mechanical environments in normal and diseased arteries or diseased organs [1] . The region such as bifurcation or arterial curvature, where complex flow occurs corresponds to locations which are more prone to development of atherosclerosis/constriction.
Analyzing the haemodynamics in atherosclerosis or aneurysms is difficult with in-vivo diagnostic tools such as Doppler Ultrasound and Magnetic Resonance Imaging as they do not provide sufficient information. This kind of detailed information about the haemodynamics in diseased vessels can be obtained from numerical simulations. The simulations will help to interpret the existing in vivo data, and eventually lead to the development of improved imaging techniques [2] . The analysis of such complex phenomenon using Computational Fluid Dynamics alone will not be fruitful in simulating the realistic physiology since the flow field in the vessel is highly influenced by the properties of the vessel wall [3] . Therefore, the flexibility of the vessel wall is one important factor for the flow fields and the continuous interaction of flow with elastic artery is crucial in accurate computation, which is possible by considering the coupled field analysis using FSI.
Usually, stenosis or narrowing of artery is represented in form constriction in a straight tube having properties of blood and elastic artery. There are various studies in the past which have carried out detailed investigation on constricted tubes. The flow in these tubes is characterized by a high velocity jet generated from the narrowest section and the flow in the distal part of stenosis is highly turbulent. Apart from the simplified straight geometry, study of flow behaviour is vital in regions of bifurcations and bends as they are a common location of narrowing. Initially, steady state flow characteristics in the carotid bifurcation are studied based on the standard geometry obtained from actual data considering Newtonian flow. Later flow in different carotid bifurcation geometries were computed considering non-Newtonian fluid properties [4] . Also, pulsatile flow in a 3D flexible carotid bifurcation is simulated and results obtained were compared with the experimental results.
It is observed from the available literature, that most of the studies consider normal blood pressure in the simulations. But important aspect of flow dynamics under the influence of high blood pressure is yet to be studied as it is one of the major risk factor which can be prove to be fatal [5] . Under the influence of high grade stenosis, the flow resistance in arteries increases, which forces the body to raise the blood pressure to maintain the necessary blood supply. Both the high pressure and the stenosis will cause high flow velocity, high shear stress and flow separation at the distal end of the stenosis. In the present study, FSI is carried out on approximate normal carotidbifurcation along with stenosed carotid bulb model. The changes in flow behaviour is analysed to investigate the influence of HBP and NBP so as to prognose the crucial factors. The results obtained demonstrate the significant difference in flow dynamics, wall deformation and wall shear stress in stenosed model during HBP condition.
Methodology
The blood flow in carotid artery is assumed to be laminar, incompressible and governed by the Navier-Stokes equations of incompressible flows. The fluid domain is solved using modified momentum equation adopting moving velocity along with continuity equation as shown in Eq. 1.
where ρ is the density, τ is the stress tensor, υ is the velocity vector, υ b is the grid velocity, P is the pressure, b i is the body force at time t.
The artery wall is assumed to be elastic, isotropic, incompressible and homogeneous. The transient dynamic structural solution is given by Eq. 2 [3] . The stiffness matrix is updated in each time step. The Newmark method is used for updating of displacement at each time interval and then stiffness matrix is solved using direct solver in particular sparse solver, for every time step.
(2) where M is the structural mass matrix, C is the structural damping matrix, K is structural stiffness matrix, F a is the applied load vector and represents acceleration, velocity and displacement vector. 
Applied Mechanics and Materials Vol. 315 983 FSI algorithm. The transient FSI analysis is performed using sequentially coupled FSI solver in ANSYS 13.0. The FSI algorithm is shown in form of flow chart in Fig. 1 . This solver solves fluid and solid domain separately using ANSYS CFX and ANSYS MECHANICAL respectively. The FSI algorithm solves the fluid and solid domains independently. After fluid domain is solved, the surface load from results of ANSYS CFX is transferred to solid domain through fluid-structure interface and ANSYS MECHANICAL gets solved. After the convergence is achieved, the fluid mesh has to be morphed using Arbitrary Lagrangian-Eulerian formulation. The analyses will continue until overall equilibrium is reached between the ANSYS Mechanical solution and ANSYS CFX solution [6] . Later the loop continues to solve for the time period specified.
Modelling and Analysis. The present study is carried out considering the realistic physiological conditions using ultrasound Doppler obtained from a patient having eccentric stenosis of 75% (encircled region) in left carotid bulb, while the right carotid bulb appears to be normal. In this case, the carotid bulb is found to be at the origin of ICA. The 3D model of normal and stenosed carotid bifurcation is generated in CATIA V5 R20, meshed in ANSYS WORKBENCH as shown in Fig.  2(a) and (b), respectively. The models are generated based on the details taken at different sections depending upon the convenience using M-mode scan for velocity and B-mode scan for diastolic diameter [3, 4] with Intima -Media thickness to be 0.8 mm. The length of Common Carotid Artery (CCA) is 6D, while Internal Carotid Artery (ICA) and External Carotid Artery (ECA) is of 5D. The plaque length is 3D with 75 % area reduction to accommodate the 75 % stenosis at ICA bulb region. Fig. 4 Output pressure BC In this study, the inlet boundary condition is set by a velocity pulse at the inlet for a period of 0.8 sec as shown in Fig. 3 and outlet boundary condition is set by a pulse pressure, applied at the outlet as shown in Fig. 4 . Each pulse cycle is discretized into 200 time steps to simulate the flow behaviour more accurately. The range of pulse pressure is different as the simulation is carried out for both NBP and HBP having 80-125 and 100-170 mmHg, respectively as shown in Fig. 4 . The inlet and outlet of solid model is constrained by specifying zero-displacement in all the directions. [4, 5] .
Fig. 3 Input velocity BC
The blood is considered to be Newtonian in the present study as the focus is on large arteries where velocity and shear rate will be high. The density of the fluid domain is 1050 kg/m 3 and dynamic viscosity is 0.004 N-sec/m 2 . The artery is assumed to be linearly-elastic material, having density of 1120 kg/m 3 , Poisson's ratio of 0.45 and elastic modulus is 0.9 MPa [5] . Both fluid and structural part in normal and stenosed cases are modelled with 8 nodded brick element and discretised into hexahedral elements with fluid part comprising of approximately 50000 elements and structural part having 30000 elements. The convergence criteria of fluid flow and across the fluid-surface interface is 10-4 and 10-3 respectively.
Results and Discussion
In order to investigate the influence of stenosis on flow aspects, numerical simulation is carried out for both normal and stenotic cases. The velocity contours, wall displacement and Wall Shear are compared for NBP and HBP conditions. A transverse cross-section of wall deformation is shown in Fig. 5(a) during HBP and NBP conditions. The maximum wall deformation and velocity in both normal and stenosed cases during NBP and HBP is found during peak systole. In the normal case, maximum distention is observed to be large at the bifurcation and towards outer wall of ICA during HBP than NBP. In case of stenosed model, velocity increases at throat in carotid bulb in ICA, and plaque region undergoes extensive deformation in the distal side of the ICA than at bifurcation [7] . During HBP condition, the extent of plaque deformation is higher compared with that during NBP condition.
Fig. 5 (a) Comparison of Wall deformation, and (b) Velocity profile during peak systole
The velocity profile during peak systole is shown for normal and stenosed cases in Fig. 5(b) . In normal case, the flow rate is higher in ICA than in ECA throughout the pulse cycle, but due to the presence of stenosis in ICA, the flow pattern is altered abruptly causing sudden increase in velocity at throat and severe flow separation towards outer wall in ICA downstream side. A similar flow profile exists in both the cases till bifurcation region, but later the flow deviates more in ICA than in ECA. The presence of bulb in ICA slightly alters the flow at entry of ICA, with sudden decrease in velocity but later stabilizes in downstream side.
As the flow cycle approaches diastole, due to flow deceleration, the flow is altered abruptly at the tip and bulb region causing high turbulence. The flow remains unaltered in ECA throughout the cycle. In stenosed case, during later diastole, due to flow deceleration, severe flow changes are observed in downstream of stenosis leading to large flow separation. The flow pattern in ECA is similar throughout pulse cycle as that observed for normal case. The comparison of arterial wall deformation shows that maximum deformation is in HBP condition rather than in NBP in both normal and stenosed models as shown in Fig. 6 . The pattern of the displacement is almost similar to the given input pulse cycle, which shows the pulsatile behavior. Since the pressure within the artery is more in HBP condition, the wall collapsibility is high as compared during NBP condition. But still, the maximum difference is observed during peak systole and in early part of diastole than in other part of the cycle because of the time lag for flow stabilization is high in HBP compared to NBP. Also due to wall collapsible behavior during late diastole, the difference is less between NBP and HBP [8] . Due to this, the effect on flow in downstream is significant causing high turbulence. Fig. 7 demonstrates the comparison of WSS in normal and stenosed models during HBP and NBP conditions. Maximum WSS is found to be during HBP than NBP for normal and stenosed models. Due to more flow rate in ICA than in ECA, the influence of WSS is found to be high in ICA than in ECA. At the bulb region, as velocity dips, the distribution of WSS is not intense as that seen across the CCA and distal part of ICA and ECA. Due to presence of stenosis, the WSS is found to be maximum than in normal case, which is observed to be more intense at the throat region than across the rest of the model. The distribution of WSS in ECA is almost similar in both the cases all throughout the pulse cycle.
Conclusions
An approximate normal and stenosed carotid bifurcation model is simulated for NBP and HBP conditions to compare the variations in velocity pattern, WSS and wall deformation, which demonstrates the potential of investigating the effect of hypertension in a stenosed artery. In this present analysis, it is observed that the flow distribution is more in ICA than in ECA. Due to the presence of stenosis in ICA, the flow velocity increases at throat leading to severe complex flow in the distal end and in bulb region. There is no significant flow change in the ECA in both the cases throughout the pulse cycle. The results show that HBP causes significant changes in the wall deformation, stress distribution and flow than in NBP. The variation of wall deformation, velocity contours obtained under NBP conditions agree well with the clinically observed results.Though a simple and approximate model is considered for the analysis, the change in flow behavior is observed to be similar as seen in available literature [1, 4] . It is also necessary to construct realistic physiological model so that the validation with can be more accurate so that it can be used to access the health risk like plaque rupture, occlusion etc.
